Skin as a Neuroendocrine Organ
Skin cells produce hormones, neurotransmitters and neuropeptides and corresponding functional receptors [1] . Hormones and neurotransmitters are either produced locally in epidermal, adnexal and dermal cells or released in situ from cutaneous nerve endings [1] . There are also cutaneous exocrine activities performed by the adnexal structures, e.g. eccrine, apocrine and sebaceous glands and hair follicles [6, 9] . Exocrine activities function to strengthen the epidermal barrier, regulate thermoregulation or to participate in the defense against microorganisms or in social communication [1, 5, 6, [8] [9] [10] . Fig. 1 . Organization of the exocrine and endocrine skin units. Reprinted from Slominski and Wortsman [1] , with permission from the Endocrine Society (copyright owner). Reprinted from Slominski and Wortsman [1] , with permission from the Endocrine Society (copyright owner). 
Cutaneous Neuroendocrine Axes
These activities can be organized into cutaneous neuroendocrine axes [11] . Special attention deserves a cutaneous equivalent of the hypothalamic-pituitary-adrenal (HPA) axis that would regulate local responses to stress independently from the central level [12] [13] [14] [15] [16] . Among others are local cholinergic [17, 18] , catecholaminergic [19, 20] and serotoninergic/melatoninergic systems [21, 22] , the steroidogenic pathway in the skin [1, [23] [24] [25] [26] [27] [28] and cutaneous expression of the pituitary-thyroid axis elements [29] . Of particular interest is a potential for the skin to express a novel secosteroidogenic pathway of which the organization and role in the regulation of cutaneous homeostasis are the subject of extensive experimental effort [27] ( fi g. 5 ).
Cutaneous HPA Axis
The main adaptive responses to systemic stress are mediated by the HPA axis [30] . Activation of the HPA system starts with hypothalamic production of corticotropin-releasing hormone (CRH), which in the anterior pituitary ac tivates CRH receptor type 1 and induces production and release of the proopiomelanocortin (POMC)-derived peptides adrenocorticotropin (ACTH), ␣ -melanocyte-stimulating hormone and ␤ -endorphin [31] [32] [33] .
ACTH stimulates production and secretion of cortisol (humans) or corticosterone (rodents) by the adrenal cortex; these steroids mount the body response addressed at counteracting the effect of the stressor and suppress the HPA axis through a negative feedback mechanism [30] [31] [32] [33] .
We have demonstrated that the skin expresses a neuroendocrine system using mediators similar to those involved in the classical endocrine systems at the brain and pituitary levels (CRH, urocortin and the POMC-derived peptides ␤ -endorphin, ACTH and ␣ -melanocyte-stimulating hormone) [reviewed in 1, 14, 15, [34] [35] [36] [37] [38] [39] . Skin cells also express functional receptors activated by the above neuropeptides [4, 5, 7, 14, 16, 34, 40, 41] . Therefore, we have proposed that the cutaneous defense against stressors is organized as an equivalent of the HPA axis that operates as coordinator and executor of the local responses to stress [1, 12, 14, 15, 42] . Local effectors of this axis, i.e. CRH, urocortin and POMC peptides, would regulate skin pigmentary, immune, epidermal, dermal and adnexal systems [5, 7, 10, 14, 16, 41, 43, 44] . Accordingly, exposure to UV light (physical stress) or biological or chemical stress would trigger multiple pathways involving structuralized or simultaneous local production of CRH and CRH-related peptides and POMC-derived messages [12] [13] [14] 42] . Hence, signals generated by the integrated actions of these peptides would counteract the local effects of the stress and also attenuate the attendant cutaneous responses [1, 14] . This complex response would be susceptible to heterotopic modulation (attenuation) through feedback inhibition by a cortisol/corticosterone. Thus, by analogy with the central axis, stress would stimulate production and secretion of ACTH of cutaneous origin, which would stimulate production and secretion of glucocorticoids -recognized inhibitors of the immune system [42] . Such a mode of action would then represent an evolutionary continuum, where the most optimal response to stress is conserved at both central and peripheral levels [1, 14] .
Most recent data from our laboratory have provided experimental support for the above hypothesis [45, 46] . Thus, we have found that incubation of normal epidermal melanocytes and dermal fi broblasts with CRH triggers the functional cascade structured hierarchically along the same algorithm as in the HPA axis: CRH activates CRH receptor 1, stimulates cAMP accumulation and increases POMC gene expression and production of ACTH. This effect is absent in keratinocytes. Melanocytes respond to CRH and ACTH with enhanced production of cortisol and corticosterone, which is abolished by POMC gene silencing or by the potent CRH receptor 1 antagonist antalarmine [45] . Fibroblasts respond to CRH and ACTH with enhanced production of corticosterone but not cortisol, with ACTH being a more potent stimulator [46] . Thus, melanocytes and fi broblasts but not keratinocytes display a CRH-led system organized similarly to that operating at the systemic level. In case of fi broblasts, it diverges from the central organization in its distal step, where corticosterone, instead of cortisol, is the main steroid being stimulated by CRH and ACTH [46] . This pattern defi nes a fractal nature in the response to stress with analogous activation sequences at the single-cell and whole-body levels. Independently, the team from Dr. Paus' laboratory has found that CRH stimulates ACTH and cortisol production in human hair follicles maintained in organ culture in vitro [47] .
Steroidogenesis
The skin is known to synthesize or metabolize androgens or estrogens as well as to serve as a target for those steroid hormones [9, 23, 24, 28] . In fact in postmenopausal women, the skin with subcutaneous adipose tissue is the major producer of estrogens for systemic use.
In addition, over the last decade evidence has accumulated for the cutaneous synthesis of corticosteroids [1] . Thus, the skin expresses both the genes involved in the synthesis of adrenal corticosteroids and their enzymati- cally active protein products [1, [25] [26] [27] [28] . The functional activities of these enzymes (including adrenodoxin, adrenodoxin reductase, P450scc, P450c17 and P450c21) have been clearly demonstrated in skin extracts and cultured cells [25, 27, 48] . In vivo, metabolism of progesterone to deoxycorticosterone (DOC) and corticosterone was documented in cultured melanoma cells [49] , and to DOC and corticosterone-like products in rat skin [50] . Finally, we were able to detect production of corticosterone and cortisol in human dermal fi broblasts and epidermal melanocytes [45, 46] . Cortisol chemical identity was confi rmed by liquid chromatography/mass spectrometry [45] . Immortalized keratinocytes are also steroidogenically active (they exhibit a high catalytic rate for the metabolism of progesterone), although they neither transform progesterone to cortisol nor DOC to 18 OH-DOC or corticosterone [51] . In HaCaT keratinocytes, exogenously added DOC is transformed to not only 5-dihydro-DOC, but also to a number of additional species that include TH-DOC, 6-hydroxy-TH-DOC, 3 ␣ ⌬ -isomerase enzymes [51] . These differences between keratinocytes, melanocytes and fi broblasts would correspond to cell-type-restricted functional differences between different structural compartments of the skin.
Secosteroidogenesis
Experimental evidence has recently uncovered that the cytochrome P450scc system can effi ciently use substrates other than the classical cholesterol molecules [27, 52] . Thus, it can cleave the side chain of 7-dehydrocholesterol (7-DHC) to produce 7-dehydropregnenolone (7-DHP; with reaction kinetic similar to the cholesterol conversion to pregnenolone) and also hydroxylates vitamin D 3 (vitD 3 ), however with lower effi ciency. This pathway may provide, for example, the explanation for the humoral increase in 7-DHP and its hydroxymetabolites when there is excessive accumulation of 7-DHC, e.g. the Smith-Lemli-Opitz syndrome (SLOS); thereby, the pathway may be active in vivo and result in hydroxylation of 7-DHP by classical steroidogenic enzymes, at least under pathological conditions [53, 54] . Since in the skin the unsaturated sterol B ring of 7-DHC is prone to breakage by UVB photons absorbed in the skin producing vitD 3 [55, 56] , analogous photolytic effects on 7-DHP and its hydroxymetabolites could generate other vitD-like (vitDL) derivatives [27] . In fact, this could explain the lack of elevation in vitD 3 levels in spite of 7-DHC tissue accumulation in SLOS and its associated photosensitivity syndrome. Therefore, we proposed that the skin expresses novel steroidogenic/secosteroidogenic pathways with the potential to generate large numbers of new biologically active products ( fi g. 5 ) [27] . On the local level, skin, being an important repository of 7-DHC and an expression site for the functional P450scc system, would produce at least 7-DHP, which would in turn become a substrate for further conversions. Because of the comparatively low activity of P450scc, this intrinsic cutaneous pathway would elicit mostly intra-, auto-or paracrine modes under physiological conditions [27] . However, under pathological conditions such as SLOS, UVB-light-induced conversions exclusive for the skin might proceed with substrates derived from the systemic circulation (5,7-steroidal dienes) to generate vitDL compounds. In comparison with P450scc activity on vitD, a possibility becomes apparent of a new potential site for peripheral (skin) modifi cation of vitD 3 bioactivity (this could also take place in the adrenal tissue which expresses high levels of P450scc). Thus, this novel pathway could generate a number of molecules with structures determined by the local type and activity of the steroidogenic system, as well as the access to UV light (UVB) photons ( fi g. 5 ) [27] .
Within the context above, the skin presents the unique constellation of having simultaneously available the enzymatic system potential substrates, e.g. cholesterol, 7-DHC and vitD 3 , and UVB light exposure providing an excellent model for the systematic investigation of the expression and contribution of each component in the proposed steroidogenic/secosteroidogenic pathway. Among the expected products would be 7-DHP together with its hydroxyderivatives generated by the action of classic steroidogenic enzymes. The resulting unsaturated B ring compounds could become targets for UVB-induced photolysis to produce vitDL substances; vitD 3 itself could serve as an alternate substrate for the same P450scc system. Under pathological conditions such as SLOS, UVB-light-induced conversions in the skin might utilize substrates derived from the systemic circulation (5,7-steroidal dienes) to generate vitDL compounds that perhaps may be responsible for the extreme photosensitivity in these patients. Alternatively, they may represent a new class of hormones/neurohormones at the peripheral or central level. Of note, the profound behavioral abnormalities of SLOS are thought to result from either production of ⌬ pounds [57] , to which we may add vitDL compounds crossing the blood-brain barrier. The new P450scc activity on vitD adds a new potential site for the modifi cation of vitD 3 bioactivity. Obviously, this could take place in heavy-expressing P450scc tissues such as the adrenal or in peripheral sites like the skin. Thus, the proposed pathway could potentially generate a number of biologically active substances, by either creating new functions or by repressing existing activities (inactivating vitD 3 ). Furthermore, local selective modulation of the enzymatic activity transforming 7-DHC to 7-DHP and subsequently to hydroxy-7-DHP derivatives and/or vitDL compounds could represent a specifi c mechanism to affect the phenotype of cells of ectodermal, endodermal or mesenchymal origin. This would include modifi cation in the availability of vitD 3 . We envision the action of the generated compounds as involving activation of specifi c receptors or of nonreceptor regulatory proteins. As it is generally accepted that biological substances produced in the body should have their own receptors or binding sites on regulatory proteins, it is contemplated that there must be natural cellular or extracellular proteins with high affi nity for these compounds. It is perhaps the binding to such proteins that would modify the metabolic phenotype or metabolic status of the cell or organ targeted. Thus, these compounds may become therapeutic agents or adjuvant therapeutics for the treatment of skin diseases or simply for cosmetic purposes. In addition, these compounds could act as modifi ers of action of other biologically active substances. In fact, the therapeutic relevance of corticosteroids as fi rst-line agents in the management of infl ammatory skin disorders and autoimmune processes deserves special attention. Thus, novel concepts introduced by this project include the local generation of a new family of steroids/secosteroids ( fi g. 5 ), their integral participation in tissue homeostasis and their potential role in the pathogenesis of infl ammatory dermatoses or of autoimmune processes originating in the skin [27] .
Serotoninergic/Melatoninergic System
Using molecular, biochemical and chemical techniques, we have recently uncovered cutaneous expression of the biochemical machinery involved in the sequential transformation of L-tryptophan to serotonin and melatonin [21, 22, [58] [59] [60] [61] [62] [63] . This included detection of genes and protein expression with actual enzymatic activities for tryptophan hydroxylase, serotonin N-acetyltransferase and hydroxyindole-O-methyltransferase (HIOMT) in the skin and skin cells [21, [58] [59] [60] [61] [62] . Indications for in vivo synthesis of serotonin and its metabolism to N-acetylserotonin and potentially melatonin in skin cells were also obtained in organ and cell culture systems [60, 63] .
Production of N-acetylserotonin in the C57/BL6 mouse deserves separate attention [64] , because this mouse strain has been proposed as a natural melatonin 'knockdown' because of a genetic defect in arylalkylamine N-acetyltransferase (AANAT) function [65] . Indeed, C57/BL6 mice have undetectable production of melatonin in the pineal gland and very low to undetectable concentrations in plasma [65] . Surprisingly, signifi cant production of melatonin has been reported in bone-marrow-derived cells [66, 67] . When we performed tests to probe the expression of a melatoninergic system in the skin of C57/BL6 mice, we confi rmed that the C57/BL6 produced aberrant AANAT isoforms [64] . Despite the lack of expression of the correct AANAT enzyme in the C57/BL6 mouse, extracts of skin nevertheless transformed serotonin to N-acetylserotonin and acetylated tryptamine, however with a lower effi ciency than for serotonin; identity of the reaction products was confi rmed by liquid chromatography/mass spectrometry [64] . Our detailed biochemical analyses demonstrated that the C57/BL6 mouse skin did acetylate serotonin to N-acetylserotonin in a reaction mediated by an enzyme different from conventional AANAT, most likely NAT-1 [64] . This provided the biochemical explanation for the fi nding of melatonin production in C57/BL6 mice at selected extracranial sites expressing HIOMT [66] , which may use N-acetylserotonin substrate originated in the skin and delivered through the systemic circulation for production of melatonin. However, we must emphasize that our studies did exclude corporal skin of the C57/ BL6 mouse as a site of melatonin production, at least at detectable levels by techniques used in our laboratories [64] .
Both serotonin and melatonin are also degradated in the skin. Thus, monoamine oxidase can deaminate serotonin, followed by the oxidation or reduction of the resultant 5-hydroxyindole acetaldehyde to 5-hydroxyindole acetic acid and 5-hydroxytryptophol as demonstrated by liquid chromatography/mass spectrometry analyses of mouse skin extracts [62] [63] [64] . We have also obtained evidence for melatonin metabolism in the skin with some identifi ed products including 5-methoxyindole acetic acid, 5-methoxytryptophol or hydroxymelatonin [22, 63] . Thus, based on our fi ndings and information available in the literature we have proposed that the following serotoninergic/melatoninergic pathway including their biodegradation is operating in the skin ( fi g. 6 ).
Moreover, receptors for serotonin and melatonin are expressed in human keratinocytes, melanocytes and fibroblasts, and these mediate phenotypic actions on cellular proliferation and differentiation [68] . Expression of melatonin and serotonin receptors and phenotypic effects of melatonin and serotonin were also reported for rodent skin [22, [69] [70] [71] . In addition, melatonin exerts receptorindependent effects including the activation of pathways protective of oxidative stress and the modifi cation of cellular metabolism. While serotonin is known to have several roles in skin, e.g. pro-edema, vasodilatory, pro-infl ammatory and pruritogenic, melatonin has been experimentally implicated in hair growth cycling, pigmentation physiology and melanoma control [22] . Therefore, we proposed that cutaneous serotoninergic/melatoninergic system(s) should have considerable selectivity of action to facilitate intra-, auto-or paracrine mechanisms that defi ne and infl uence skin function in a highly compartmentalized manner [22] . The action of such a system would target epidermal, pigmentary, dermal and adnexal functions. Our hypothesis is that this novel system operating in the skin acts to preserve physical integrity of the organ and maintain its homeostasis. It would be activated by environmental stresses or internal dyshomeostatic stimuli, and would counteract or buffer their damaging effect. Implicit in this highly mechanistic hypothesis are paracrine/autocrine and/or intracrine mechanisms of action for melatonin or serotonin. The resulting phenotypic effects would then depend on in situ availability, dynamically regulated by local production and degrada- (7); cytochrome P-450 (8); melatonin deacetylase (9) . Reprinted from Slominski et al. [22] , with permission of FASEB publications (copyright owner).
tion of this hormone, and accessibility and permissibility of cellular targets for bioregulation. The net effect of the concerted actions would be the maintenance of an effi cient epidermal biological barrier hence involving highly organized differentiation of epidermal keratinocytes, hair follicle activity (particularly important in fury animals), fi broblast activity (builds and regulates structure of the dermis) and pigmentary activity (important in social communication and protection against solar radiation). The comparative signifi cance of the proposed model is embodied in its contribution to the elucidation of mechanisms involved in the skin response to stressors (environmental and endogenous). It is interesting that whereas skin exposure to noxious stimuli is continuous, the pineal gland (a known site of melatonin production) is insulated from the external environment that results in discontinuous activation related to the circadian rhythm. Thus, it is likely that this discrepancy in activation timing would be associated with regulation of skin melatonin production independent of circadian activation. Instead, environmental stressors (e.g. solar radiation) in human skin or local intrinsic factors (e.g. stage of hair follicle cycle) in rodent skin may be important regulatory factors. Such functional dissociation does not exclude a role for the cAMP signal transduction pathway in the regulation of the cutaneous melatoninergic system, as it is at the central level, with the pathway being evolutionarily conserved between pineal gland, retina and skin.
Hypothalamic-Pituitary-Thyroid Axis
Since the skin is commonly affected in thyroid diseases [72] , but the mechanism for this association is still unclear, we tested the additional cutaneous expression of mediators operating in the hypothalamic-pituitary-thyroid axis [29] . We found signifi cant expression of the thyroid-stimulating hormone receptor (TSH-R) mRNA in cultured keratinocytes, epidermal melanocytes and melanoma cells, and the TSH-R was found to be functionally active in cAMP signal assays. TSH-R-expressing cells also expressed the sodium iodide symporter and thyroglobulin genes [29] . Deiodinases D 2 and D 3 (mainly D 2 ) genes were expressed in the skin biopsy specimens, and in the majority of human epidermal and dermal cells cultured in vitro. This was accompanied by selective expression of the TS H ␤ mRNA, and expression of thyroid-releasing hormone gene was minimal being restricted to dermal and follicular papilla fi broblasts, neonatal but not adult keratinocytes and melanoma cells [29] . Interestingly thyroid-releasing hormone receptor mRNA was not detected in most of the samples, indicating that thyroid-releasing hormone would act on a different receptor, most likely MC-1R [73] . We have also proposed that expression of functional TSH-R in the skin may have signifi cant physiological and pathological consequences, particularly in autoimmune conditions associated with the production of stimulating antibodies against the TSH-R [29] . Specifi cally we postulated that some forms of Graves' disease could be due to an autoimmune response directed primarily against a cutaneous TSH-R antigen; this could result from abnormal expression of MHC proteins and abnormal exposure of TSH-R antigen to immune cells, in response to exposure to environmental insults, e.g. solar radiation or skin infections [29] .
Functional Organization of the Cutaneous Neuroendocrine System
These newly recognized hormonal expressions in the skin are performed by cells that appear to be compartmentally arranged into units comprising epidermal or dermal with adnexal structures ( fi g. 1-3 ). Since these structures concomitantly produce hormones and express the corresponding receptors, the predominant mechanisms of interaction must be auto-and paracrine in nature. Cutaneous nerve fi bers provide additional levels of communication through anterograde or retrograde transmission of impulses with release of neuropeptides at epidermal or dermal levels ( fi g. 2 ). The true endocrine component of the cutaneous neuroendocrine system is represented by those humoral signals that can directly enter the circulation ( fi g. 4 ) .
Furthermore, the cutaneous neural signaling system may also potentially activate pathways in the central nervous system, when changes in the skin physicochemical environment generated by physical, chemical or biological trauma or local disease processes are transmitted via the spinal cord to the brain ( fi g. 2, 4 ). Alternatively, the information can be transmitted via the spinal cord directly to other organs to regulate their local or secretory function, thus indirectly regulating global homeostasis ( fi g. 4 ). The challenge for future research is to defi ne how the absorbance of the solar radiation energy by the skin can affect the central nervous system or function of other organs through neural transmission originating in the skin ( fi g. 4 ).
Concluding Remarks
To summarize, when stressed the skin can generate signals to produce rapid (neural) or slow (humoral) responses at the local or systemic levels ( fi g. 4 ). These responses are likely addressed at counteracting the environmental insults and/or modulating optimally the homeostatic adaptation mechanisms. Thus, the uncovering of this system of multidirectional communications between skin, endocrine, immune and central nervous systems as well as other internal organs suggests the existence of a new layer for the regulation of global homeostasis ( fi g. 4 ). This would be represented by the skin acting as a sensor for external or internal disturbances and by the cutaneous neuroendocrine system acting as an effector/producer of humoral or neural signals sent to local or distant coordinating or executory centers.
